Demyelination contributes to the loss of function consequent to central nervous system (CNS) injury. Enhanced remyelination through transplantation of myelin-producing cells may offer a pragmatic approach to restoring meaningful neurological function. An unlimited source of cells suitable for such transplantation therapy can be derived from embryonic stem (ES) cells, which are both pluripotent and genetically flexible. In this paper we show that oligodendrocyte cultures can be reliably produced from retinoic acid-induced ES cells and that these oligodendrocytes can myelinate axons in vitro. Methods were further developed for generating highly enriched cultures of oligodendrocytes through an additional culturing step, producing an intermediate ''oligosphere'' stage. To test whether ES cells can survive, migrate, and differentiate into mature myelin-producing cells in areas of demyelination in the adult CNS, ES cells were transplanted into the dorsal columns of adult rat spinal cord 3 days after chemical demyelination. In the demyelination site, large numbers of ES cells survived and differentiated primarily into mature oligodendrocytes that were capable of myelinating axons. Furthermore, when oligosphere cells were transplanted into the spinal cords of myelindeficient shiverer (shi/shi) mutant mice, the ES cell-derived oligodendrocytes migrated into the host tissue, produced myelin and myelinated host axons. These studies demonstrate the ability of ES cell-derived oligodendrocytes to myelinate axons in culture and to replace lost myelin in the injured adult CNS. Transplantation of ES cells may be a practical approach to treatment of primary and secondary demyelinating diseases in the adult CNS. R ecovery in central nervous system (CNS) disorders is hindered by the limited ability of the vertebrate CNS to regenerate lost cells, replace damaged myelin, and re-establish functional neural connections. In many CNS disorders, including multiple sclerosis, stroke, spinal cord injury, and other trauma, demyelination of intact axons (1-4) is an important factor contributing to loss of function. Previous studies suggest that substantial recovery of function might be achieved through remyelination of otherwise intact axons (5). As a therapeutic modality, functional recovery through remyelination may prove to be a pragmatic approach to regeneration.
R
ecovery in central nervous system (CNS) disorders is hindered by the limited ability of the vertebrate CNS to regenerate lost cells, replace damaged myelin, and re-establish functional neural connections. In many CNS disorders, including multiple sclerosis, stroke, spinal cord injury, and other trauma, demyelination of intact axons (1) (2) (3) (4) is an important factor contributing to loss of function. Previous studies suggest that substantial recovery of function might be achieved through remyelination of otherwise intact axons (5) . As a therapeutic modality, functional recovery through remyelination may prove to be a pragmatic approach to regeneration.
Ethical considerations and a lack of a reliable source for undifferentiated pluripotent cells have limited the application of neural transplantation studies in humans. Embryonic stem cells (ES cells) provide a partial solution to these problems because they are genetically normal, pluripotent, capable of indefinite replication (6) , and have been derived from several vertebrate species including mice (7, 8) and humans (9, 10, 50) . ES cells are also the most flexible stem cell for genetic engineering. Double allele knockouts in single ES cells are possible and such genetic capacities are providing powerful scientific tools (11, 12) . Studies examining the regulation of ES cell differentiation into CNS cells are in their infancy. Although ES cells have been shown in culture to differentiate into multiple CNS cell types (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) , methods for reliably producing oligodendrocytes from retinoic acid-induced ES cells have not been developed. Recently, ES cell-derived oligodendrocytes have been shown to myelinate in the immature CNS (22) .
The purpose of the present studies was threefold: (i) to develop methods for producing enriched cultures of ES cell-derived oligodendrocytes, (ii) to determine whether these cells could myelinate axons in vitro, and (iii) to determine whether ES cells would survive transplantation into adult spinal cord (both injured and uninjured), migrate, differentiate into oligodendrocytes and myelinate axons. As an injury model, localized chemical demyelination was induced in the dorsal column white matter of rats while sparing passing axons (23) (24) (25) (26) . Myelin-deficient shiverer (shi/shi) mutant mice, lacking the gene to produce myelin basic protein (MBP) (27) (28) (29) (30) (31) , were used as a noninjury model where transplanted oligodendrocytes and newly produced myelin could be identified by immunoreactivity for MBP. retinoic acid protocol (15, 33) . ES cells were grown in embryonic stem cell induction medium (ESIM, containing DMEM, newborn calf serum, FBS, and nucleosides) for 4 days and ESIM plus retinoic acid (500 nM) for 4 additional days (15, 32) . Induced ES cells formed floating clusters of cells, termed embryoid bodies (EBs). After 8 days in vitro (DIV), the 4Ϫ/4ϩ stage EBs were partially dissociated (5 min at 37°C, 0.25% trypsin with EDTA) and resuspended in ESIM for transplantation or were further triturated to single cell suspension for plating in vitro in modified SATO medium (DMEM with BSA, pyruvate, progesterone, putrescine, thyroxine, triiodothryonine, insulin, transferrin, sodium selenite, amino acids, neurotrophin 3, ciliary neurotrophic factor, and Hepes) (34, 35) with 5% equine serum and 5% FCS.
''Oligosphere'' Culture. To produce oligospheres, dissociated 4Ϫ/4ϩ stage EBs were grown in flasks containing modified SATO medium. After 4 DIV, the flasks were gently shaken to suspend loosely adhering cells (primarily oligodendrocytes), while astrocytes remained adhering to the flask. Suspended cells were transferred to new flasks in SATO medium and grown for an additional 2 days. After 6 DIV, oligospheres were partially dissociated (as above) and resuspended in SATO medium for transplantation or completely dissociated for plating in oligosphere-conditioned medium (derived from the shaking step) for in vitro studies.
Demyelination. Demyelination was chemically induced in rats by using characterized methods (23) (24) (25) (26) . After a T10 laminectomy, ethidium bromide (1 l of 0.1% ethidium bromide in 0.9% saline) or lysophosphatidyl choline (LPC) [lysolecithin (Sigma); 2 l of 1.0% LPC in 0.9% saline] was injected at 0.5-mm depth in the dorsal column over a 10-min period by using a stereotaxic microinjector (Stoelting) and a 30-m tip glass pipette attached to a 5-l Hamilton syringe. Three days later, the demyelinated areas were transplanted with partially dissociated EBs or control medium. Animals were killed 1 and 4 weeks after transplantation (n ϭ 5 each with equal numbers of rats that received vehicle medium sham transplantation).
Preparation of Cells for Transplantation. Prelabeled (see cell tracking methods below) 4Ϫ/4ϩ stage EBs or oligospheres were prepared as described above (33) to produce suspensions of small clusters of cells. Cell density was adjusted to 50,000 viable cells per l by using a hemocytometer.
Transplantation. Demyelination injury rats received transplants of 125,000 cells from partially dissociated 4Ϫ/4ϩ EBs or medium vehicle. A 50-to 100-m tip diameter glass pipette was stereotaxically advanced 0.5 mm into the dorsal column white matter. By using a stereotaxic microinjector, 2.5 l of the ES cell suspension or control vehicle medium was injected at a rate of 0.25 l/min. The needle was left in place for 5 min and then withdrawn, and the laminectomy site was covered with artificial dura. In the second model, shiverer mice were transplanted with 100,000 oligosphere cells or vehicle medium (n Ͼ 6 each) at the T8 and T10 level (1 l at two sites 0.35 m below the dura). Histologic examination was completed at 2 weeks (n ϭ 20) and 4 weeks (n ϭ 10) after transplantation. (39) for details of Ab classification]: anti-NG2 for oligodendrocyte progenitors (Chemicon; labels NG2 chondroitin sulfate proteoglycan on the cell surface), anti-O4 for immature oligodendrocytes (Boehringer Mannheim; labels O4 sulfatides on the surface of developing oligodendrocytes), anti-O1 (Boehringer Mannheim; marks O1 sulfatide on mature oligodendrocytes), and anti-adenamatous polyposis coli (APC) (Calbiochem; labels cytoplasmic product of the adenomatous polyposis coli tumor suppressor gene product, found in cell bodies of mature oligodendrocytes) were used to identify mature oligodendrocytes (40) . Anti-MBP (Boehringer Mannheim; labels an integral membrane protein in myelin) was used to label terminally mature, myelin-producing oligodendrocytes. Homozygous shiverer (shi/shi) mice are devoid of MBP because they lack the functional gene. Thus, the presence of MBP ϩ myelin in these animals following transplantation provides a useful marker for confident identification of transplanted oligodendrocytes (27, 28) . Anti-neuron-specific nuclear antigen (Chemicon; identifies a neuron-specific nuclear protein in postmitotic cells), anti-neuron-specific enolase (Chemicon; reacts with neuronspecific enolase), and anti-␤-tubulin III (Sigma; reacts with neuron specific tubulin) were used to identify neurons. Table 1 ). Nuclei are counterstained with Hoechst 33342 (blue). Scale bars ϭ 20 m. Data are given as cell-type percent as indicated by immunoreactivity to phenotypic markers in EBs and oligospheres (mean Ϯ SEM, n ϭ 5 for each).
Electron Microscopy (EM).
EBs and cultures were processed by using standard methods (41) . Samples were viewed with a Hitachi S-450 scanning EM operated at 20 KV accelerating voltage and JEOL 100CX transmission EM.
Results and Discussion
ES cells are theoretically capable of differentiating into any cell type, and previous work has shown that they can be neuralinduced in vitro by using a number of protocols (16, (20) (21) (22) . Retinoic acid exposure conditions have been developed to restrict differentiation down a neural lineage, and such treatment has been shown to produce cultures containing primarily CNS cells (15) . ES cells cultured by using a 4Ϫ/4ϩ retinoic acid protocol (15) have been shown to develop into oligodendrocytes after transplantation into the injured spinal cord (33) . This protocol was used as the basis for methods developed to reliably produce both mixed cultures of oligodendrocytes, neurons and astrocytes as well as enriched oligosphere-derived cultures containing predominantly oligodendrocytes.
ES cells grown under the 4Ϫ/4ϩ protocol form floating clusters of cells, termed EBs. Ultrastructural scanning EM examination of EBs revealed that the cells on the surface were covered with extensive microprocesses analogous to the extraembryonic visceral endoderm layer ( Fig. 1 A and B) . Immunohistochemical studies of EBs showed limited expression of markers of differentiated neural cells (Fig. 1 C-F, Table 1 ), and the majority were nestin-positive, a marker of neural precursors. Ultrastructural EM evidence suggested that a substantial number of EB cells exhibit features of apoptotic death (Fig. 1B) . Consistent with these data, chromatin condensation (visible in Hoechst stained nuclei) and immunoreactivity to the activated form of caspase 3 were present in 6 Ϯ 4% (n ϭ 6 EBs) of cells within 4Ϫ/4ϩ stage EBs [ Table 1 ; anti-CM-1, IPO13, Idun Pharmaceuticals, La Jolla, CA (42)].
Plating of dissociated 4Ϫ/4ϩ stage EBs in neurobasal media (Gibco/BRL, catalogue no. 21103-049) produced mixed cultures of neurons, astrocytes, and oligodendrocytes (Fig. 2) . Like primary cultures, ES cell-derived type-I astrocytes formed a confluent layer, the other cells grew on top, and neurons grew in small clusters with large bundles of axons radiating outward. Mixed cultures grew best in SATO-defined medium supplemented with serum, and could be maintained for at least 1 month. Inhibition of cell division (10 -5 M cytosine arabinoside), as used in previous studies of cultured ES cell-derived neurons (15) , greatly limited oligodendrocyte viability (27 Ϯ 5 no inhibition vs 0.5 Ϯ 0.2 with inhibition, number of O1-positive cells per ϫ200 field, n ϭ 4, P Ͻ 0.05, independent Student's t test).
By using immunohistochemical markers as well as scanning and transmission EM, it was observed that ES cell-derived oligodendrocytes could rapidly and consistently myelinate axons in culture (Fig. 3) . Individual oligodendrocytes that simultaneously wrap multiple axons and multiple segments of single axons could be easily identified by using fluorescent Abs directed against components of myelin (O1, MBP). Transmission EM verified that the wrapping observed in the immunocytochemical studies indeed represented myelination. By 9 DIV, evidence of immature axonal myelin profiles with two to five loosely wrapped layers and prominent inner/outer tongue processes were common (Fig. 3D) . Surprisingly, more mature, highly wrapped (10-15 layers), compact myelin profiles could already be seen by 9 DIV. Previous studies, using primary-derived cultures, suggest that early forms of myelination typically do not appear until 21 DIV, and that development of compact mature myelin profiles typically takes 4-6 weeks. Evidence of early axonal degeneration was also evident in many myelin profiles. This is likely a reflection of the nondepolarizing conditions used in our culture system, which limit neuronal viability past 14 DIV. In the absence of axons, oligodendrocytes formed sheets of myelin, similar to cultures of primary oligodendrocytes (39) .
To produce cultures containing primarily oligodendrocytes, an additional culturing step was developed. Dissociated 4Ϫ/4ϩ stage EBs were transferred into flasks containing 5 ml of oligosphere medium, which promotes survival and proliferation of oligodendrocyte progenitors. After 4 DIV, nonadhering cells, consisting primarily of oligodendrocyte precursors, were passed into fresh oligosphere medium at a 1:1 ratio. The few astrocytes generated in this culture adhered to the flask and were not passed. Free-floating spherical cell clusters were formed over 6 days. We termed these clusters oligospheres because later plating produced cultures containing primarily oligodendrocytes. Immunohistochemical studies suggest that oligospheres contain substantial numbers of immature and mature oligodendrocytes, but few astrocytes (Fig. 4, Table 1 ). In contrast to the high percentage of nestin-positive cells in EBs, only minorities of oligosphere cells were nestin positive. Oligospheres also appeared to contain substantially more cells that immunolabeled for markers of neurons (anti-neuron-specific enolase, NeuN, and neurofilament), although these cells typically did not have processes or ultrastructure suggestive of differentiated neurons. Plating dissociated oligospheres in oligosphereconditioned medium selected for oligodendrocytes and yielded cultures comprised of 92 Ϯ 7% oligodendrocytes (n ϭ 4). Despite the neuron marker expression in oligosphere cells, very few neurons were observed in any derived cultures.
To evaluate differentiation of ES cells in vivo, in the ''injured'' adult CNS partially dissociated 4Ϫ/4ϩ stage EBs were transplanted into the dorsal column of rat spinal cord 3 days after chemical Table 1 ). Oligosphere-derived cultures are enriched for O4 (positive) oligodendrocytes (5 DIV; F). Hoechst 33342 (blue). Scale bars ϭ 50 m. demyelination. Successful engraftment in the demyelinated region was evident in 9 of 10 rats when examined 1 week after transplantation. This was indicated by immunostaining with anti-mousespecific Abs (Fig. 5 A and D) , and by an increased cell density demonstrated by Hoechst 33342 labeling in animals receiving transplants. In rats that received a sham vehicle medium transplant, axons of passage were largely spared, as shown previously (23) (24) (25) (26) , and a paucity of Hoechst 33342 nuclear labeling was present at the site of demyelination. At the lesion site in rats receiving transplants, ES cells differentiated primarily into oligodendrocytes (anti-APC CC-1, anti-MBP; Fig. 5B ), but not astrocytes [anti-glial fibrillary acidic protein (GFAP)] or neurons (anti-NeuN; data for neurons not shown). A normal low density of host oligodendrocytes (determined by anti-APC, MBP, CNPase, O1) was evident outside the area of demyelination in rats that received transplantation of ES cells or control medium. The host immunoreactive oligodendrocytes are not evident in the low magnification views of Fig. 5 because of the need to prevent over-saturation of high immunoreactivity at the transplantation sites. Enhanced anti-GFAP reactivity was consistently observed at the lesion borders in rats that received both ES cell and vehicle medium transplantation, indicating the association with host reactive astrocytes (Fig. 5E) . Lack of double labeling for mouse-specific Abs further supported the host origin of the reactive astrocytes (data not shown). Although immature cells can exhibit GFAP immunolabeling, the GFAP labeling here represented primarily astrocytes based on additional morphological characteristics and lack of labeling for other phenotype markers. Histologic evidence of acute graft rejection was present in 1 of 10 rats that received ES cell transplantation.
A second study was performed to assess the potential for ES cell transplants to differentiate into oligodendrocytes and myelinate in the dysmyelinated adult CNS. Dissociated oligospheres were transplanted into the thoracic spinal cord of adult shiverer (shi/shi) mice, which lack a functional gene for MBP, an essential component of myelin required for compact mature myelin formation. Transplanted cells were tracked by prelabeling the oligospheres with the fluorescent marker Cell Tracker Orange and BrdUrd, or by detecting MBP expressed by transplanted cells. MBP immunoreactivity is always absent in the host shiverer mutant CNS. Two weeks after transplantation, ES cell-derived cell tracker orange (positive) (Fig. 6 A and B) and MBP (positive) (Fig. 6 C and D) oligodendrocytes were found in white matter. ES cell-derived oligodendrocytes conformed to the organization that oligodendrocytes normally respect in white matter: they would align with host intrafascicular oligodendrocytes and myelinate axons (Fig. 6 C-G) . Because homozygous shiverer mice do not exhibit MBP immunoreactivity (Fig. 6E) (27, 28) , all MBP immunoreactivity could be attributed to the transplanted ES cell-derived oligodendrocytes. In mice that received oligosphere transplantation, but not in mice that received sham transplantation, MBP immunoreactivity was evident in a radial longitudinal gradient paralleling the white matter tract. Gross MBP immunoreactivity was consistently observed for 0.5 mm surrounding the sites of transplantation, and individual MBP positive cells could be found at sites more distant (2-3 mm) when examined in rats that received transplantation 1 month earlier.
Occasionally small central areas of confluent MBP immunoreactivity also colabeled with Abs against extracellular matrix molecules (laminin, fibronectin; data not shown) and were not considered myelin products.
The longitudinal parallel arrays of MBP immunoreactivity, outlining spaces occupied by axons in white matter, are consistent with myelination and are similar to those observed in previous studies of myelination (43, 44) (Fig. 6 E-G) . Immunocytochemical evidence of myelination was confirmed by transmission EM. Ultrastructurally, shiverer mice lack normal myelination; most axons are not myelinated or contain only one to three loose wraps of myelin (Fig. 6J) . MBP is required for compact myelin formation. Therefore, the presence of multilayered, compact myelin has been used as the gold standard for demonstrating myelination from transplanted oligodendrocytes. In shiverer mice that received transplants of oligospheres 1 month earlier, such evidence was present (Fig. 6K) .
We did not observe any ES cell-derived tumor formation in this study or in our previous studies (33) . The pluripotential of ES cells poses a risk for forming normal tissues but in the wrong place (e.g., teratomas). Therefore, it is not surprising that ES cells have produced teratomas under specialized conditions. Because retinoic acid is a strong neural induction signal, we have used it to restrict the cells to a neural lineage to help avoid abnormal tissue formation in the CNS after transplantation. Compared with nonretinoic acid differentiation protocols, the 4Ϫ/4ϩ protocol yields a high percentage of neural cells. However, the culture system is very time sensitive and exposure intervals must be accurate. Transplantation studies of longer duration will be required to adequately assess for the risk of tumor formation. A heartening feature of ES cells is that they can be assessed for genetic normalcy by generating a chimeric animal after implantation into blastocysts.
The present studies demonstrate that ES cells can be used to reliably generate mixed and enriched cultures of oligodendrocytes and that these oligodendrocytes are capable of producing myelin and capable of myelinating axons in vitro. In addition, transplanted retinoic acid induced ES cells can: (i) preferentially differentiate into oligodendrocytes in areas of demyelination, and (ii) myelinate host axons in the dysmyelinated spinal cord. Our study demonstrates the ability of ES cell-derived oligodendrocytes to myelinate in vitro and to show that ES cells survive and myelinate axons in the mature and injured CNS after transplantation. Our findings in the mature CNS are particularly relevant because the most common disorders that are targets for therapeutic strategies of remyelination occur predominantly in adults. In particular, we demonstrate that injured, demyelinated areas of the adult CNS may preferentially stimulate oligodendrocyte differentiation/survival. Since the completion of these studies, another group has reported ES cell-derived oligodendrocyte myelination after transplantation in the immature CNS of myelin-deficient rats (22) . A more lengthy induction protocol, not employing retinoic acid, was used that yielded mixed cultures of oligodendrocytes and astrocytes.
Remyelination is a potential mechanism underlying the rapid recovery of locomotor function we observed when dissociated 4Ϫ/4ϩ stage ES cells were transplanted 9 days after moderate spinal cord contusion injury in rats (33) . Significant recovery of locomotion was first evident 2 weeks after transplantation. Oligodendrocytes represented the largest identifiable population of differentiated ES cell-derived cells in that study. Transplantation of oligosphere cells in the contusion injury model may provide a useful test of this hypothesis.
The present study suggests that local conditions in the lesioned CNS can select for differentiation or survival of particular types of ES cell-derived neural cells. When ES cells are transplanted into a contusion-injured spinal cord, they differentiate into substantial numbers of oligodendrocytes and astrocytes and Ͻ10% neurons (33) . In contrast, it is shown here that primary demyelination lesions, sparing passing axons, preferentially support ES cell-derived oligodendrocytes. This observation is compatible with previous demonstrations that CNS isolated progenitors differentiate into different neuronal phenotypes based on their transplantation site in the CNS (45) (46) (47) .
One important advantage of the use of ES cells for transplantation over primary cells, or other neural progenitors, is their flexibility for genetic engineering. To date, over a dozen double allele knock-ins/knock-outs in single ES cells have been completed (e.g., refs. 11 and 12) . This finding provides a powerful scientific and therapeutic tool. ES cells can be genetically modified to produce pro-regenerative factors, such as neurotrophin 3, which has been shown to promote axonal regeneration and myelination (43, 48) . These tools will be important for studying the mechanisms that regulate oligodendrocyte differentiation and myelination as well as for developing accurate and rapid methods for quantifying myelin.
Remyelination is a promising and pragmatic approach for repairing the damaged CNS, and strategies are coming within our reach that may offer meaningful recovery of function, such as improved bowel and bladder control, or limb movement. The availability of human ES cells (9, 10, 50) and the possibility of producing autologous ES cells by nuclear transfer provide exciting possibilities for the treatment of many human diseases including those involving demyelination such as multiple sclerosis, Alzheimer's disease, leukodystrophies, and CNS trauma.
